Irisin promotes browning of white fat, improves energy metabolism, and weight loss. In 21 this study, we investigated the effects of different oxygen concentrations during hypoxic 22 training on the serum irisin and the PGC-1α(peroxisome proliferator-activated receptor gamma 23 coactivator 1-alpha)-FNDC5(fibronectin type III domain containing 5)-UCP1(uncoupling 24 protein 1) signaling pathway in the skeletal muscle of obese rats. Male Sprague-Dawley 25 Obese rats (n=80) were randomly divided into 8 groups as follows: the control group (group A, 26 n=10); the endurance exercise group (AE group, n=10), which involved animal treadmill 27 training at slope 0°, 20 m/min, 40 min/d, and 5 d/w; the 16.3% hypoxia exposure group (group 28 B, n=10), 13.3% hypoxia exposure group (group C, n=10), and 11.3% hypoxia exposure group 29 (group D, n=10), which were exposed to a low oxygen environment with oxygen concentrations 30 of 16.3%, 13.3%, and 11.3%, respectively, for 12 h/d; and the 16.3% hypoxic training group 31 (BE group, n=10), 13.3% hypoxic training group (CE group, n=10), and 11.3% hypoxic training 32 group (DE group, n=10) with animal treadmill training during hypoxia exposure. After 8 weeks, 33 the serum irisin concentrations in the AE, BE, CE, and DE groups were significantly higher 34 than that in the A group (p<0.05). Hypoxia exposure and hypoxic training at the three different 35 concentrations significantly increased PGC-1α and FNDC5 gene expression in the skeletal 36 muscle. The PGC-1α and FNDC5 protein contents were significantly higher in the skeletal 37 muscle of the obese rats in the C, AE, and DE groups than those in group A (p<0.05). UCP1 38 protein expression was significantly higher in groups C, CE, D, and DE than in group A 39 (p<0.05).To conclude, training at oxygen concentrations of 13.3% and 11.3% significantly 3 40 increased the serum irisin level, and 11.3% hypoxic training enhanced the effects of the PGC-41 1α-Irisin-UCP1 signaling pathway in skeletal muscle.
8 143 transcription template was calculated based on the RNA concentration. (2) Reverse 144 transcription into cDNA: An All-in-One TM First-Strand cDNA Synthesis Kit (GeneCopoeia, 145 USA) was used with a 25 µL reaction system. The reaction mixture was incubated at 37°C for 146 1 hour and heated to 85°C for 5 minutes. The reactions were carried out in a Bio-Rad thermal 147 cycle PCR instrument T100. The obtained cDNA product was stored at -20°C. (3) Real-time 148 fluorescence quantification: SYBR ® Green All-in-One TM qPCR Mix (GeneCopoeia, USA) was 149 used. The primers used were All-in-One TM qPCR primers supplied by GeneCopoeia, and the 150 uncoupling protein 1 (UCP1) primers were supplied by Bioengineering Co. (Shanghai) 151 (sequences: 5'-gtgtaggcctacaggaccat-3' and 5'-atgaacatcaccacgttcca-3'). An ABI 7500 real-152 time PCR instrument was employed. The experimental procedure was as follows: 153 predenaturation at 95°C for 10 minutes, followed by 45 cycles of denaturation at 95°C for 10 154 seconds, annealing at 60°C for 20 seconds, and extension at 72°C for 15 seconds. All samples 155 were tested 3 times. GAPDH was used as an internal reference, and the results were quantified 156 using the 2 -ΔΔCt method. 157 Western blotting 158 A total of 0.1 g of soleus muscle was homogenized on ice, and total protein was 159 extracted with a total protein extraction kit. The protein concentration was measured 160 with the bicinchoninic acid (BCA) method, and 2× loading buffer was used to 161 normalize the concentration according to the measured values. The samples were 162 heated in boiling water for 5 minutes at 100°C, and supernatants were collected for 163 testing after centrifugation. The samples were separated using SDS-PAGE 11 205 group N (p<0.05), whereas the HDL-C was significantly lower than that in group N (p<0.05).
206 As shown in Figure 1A , the body weights of the rats in group A continued to increase 213 during the intervention. The body weights in groups B, C, and D were still increasing in the 214 first 4 weeks. The increase in the rate of body weight decreased from the 5th week, but without 215 a significant difference compared with group A (p>0.05), indicating that hypoxia exposure 216 inhibited the increased rate of body weight gain in the rats fed the HFD to a certain extent, but 217 the effect was not obvious in the short term. The body weight decreased in the first 4 weeks in 218 the AE group but increased from the 5th week. The body weights continued to reduce from the 219 2nd week in the BE, CE, and DE groups and were significantly different from those in group 220 A (p<0.05). From the 6th week, the body weights of the CE and DE groups were significantly 221 lower than those of the AE group (p<0.05). The results suggest that endurance exercise 12 222 intervention alone can reduce the body weights of rats fed an HFD in a short period of time but 223 that the body weight rebounds in the later stage. Conversely, hypoxic training continuously 224 reduced the body weights of the obese rats, and the training effects were more significant at the 225 13.3% and 11.3% oxygen concentrations. Figure 1B shows that the food intake patterns change 226 after 1 week of intervention. The food intake of group A first increased and then decreased, 227 whereas that of group AE first decreased and then increased. The food intakes of groups B, C, 228 and D were lower than that of group A after 5 weeks of intervention, and group C showed a 229 continuous decline. The food intakes of groups BE, CE, and DE were lower than that of group 230 AE at the 8th week, with that of CE group showing a decrease throughout the intervention 231 process. Both hypoxia and hypoxic training could inhibit the food intake of obese rats to varying 232 degrees, with 13.3% hypoxic training having the largest effect. Exercise alone could reduce 233 food intake in the early stage, but food intake increased again in the later stage. 
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After 8 weeks of intervention, the body weights of group A were the highest. The body 250 weights of groups C, AE, BE, CE, and DE were significantly lower than those of group A 251 (p<0.05). No significant difference in body weight was observed among groups B, C, and D 252 (p>0.05), but all of the body weights in these groups were higher than those of group AE 253 (p<0.05). The body weights of groups BE, CE, and DE were lower than those of group AE, and 254 those of groups CE and DE were significantly different from those of group AE (p<0.05). The 255 DE group had the lowest body weights ( Fig 3A) . These results indicate that 13.3% hypoxia 256 exposure can significantly reduce the body weights of obese rats fed an HFD, exercise alone is 257 better than hypoxia exposure, the effect of hypoxic training is better than that of hypoxia 258 exposure or endurance training, and a lower oxygen concentration has a more significant effect. 259 Lee's indexes of the rats in groups C and D were significantly higher than those in groups BE 260 and DE (p<0.05), suggesting that hypoxia exposure or endurance exercise did not effectively 261 reduce Lee's index in obese rats, whereas 16.3% and 11.3% hypoxic training was effective in 262 reducing Lee's index in obese rats ( Fig 3B) . 
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The AE group had the highest TG level (p<0.05). The serum total cholesterol (TC) content 284 was highest in group C and lowest in group D, whereas those in the AE, BE, CE, and DE groups 15 285 showed a decreasing trend. The LDL-C contents were significantly higher in groups D, BE, 286 CE, and DE than in groups A and AE and showed a decreasing trend in the order of groups AE, 287 BE, CE, and DE. The HDL-C levels in groups D and DE were significantly higher than that in 288 group A, and the level in group D was also higher than that in group AE (p<0.05). The above 289 results indicated that after 8 weeks of intervention, endurance exercise significantly increased 290 the serum TG levels in the obese rats, 13.3% hypoxia exposure caused a significant increase in 291 CHO, and 11.3% hypoxia exposure and hypoxic training significantly reduced the TG, CHO, 
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The serum irisin content was higher in group CE than in groups A, C, and D (p<0.05).
301
The serum irisin content of group DE was significantly higher than those of groups A, B, C, D, 302 and AE (p<0.05). Hypoxia exposure or endurance training alone did not increase the serum 303 irisin levels, whereas 13.3% and 11.3% oxygen concentration training showed significant 304 effects ( Fig 5A) . The serum adiponectin concentrations of groups C, D, AE, BE, and DE were 18 346 more effective ( Fig 7D) . The FGF21 gene transcription and protein expression levels in groups 347 C, D, CE, and DE were significantly higher than those in groups A and AE (p<0.05) ( Fig 6E   348 and 7E), indicating that 13.3% and 11.3% hypoxia exposure and hypoxic training significantly 349 increased FGF21 gene transcription and protein expression in skeletal muscle. VEGFA gene 350 transcription and protein expression were significantly higher in groups C and DE 
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Our study found that hypoxia exposure alone inhibited the excessive growth of body 378 weight to some extent, but the body weight still showed an upward trend compared with the 379 weight before the intervention. Of the three hypoxia exposure concentrations, 13.3% showed 380 the most significant effects. At the end of the 8-week intervention, the body weights of the 13.3% 381 hypoxia exposure group were significantly lower than those of the quiet control group.
382 Therefore, among the three low oxygen concentrations, the moderate 13.3% oxygen 20 383 concentration demonstrated the best control effect on body weight. In addition, the visceral fat 384 percentage of the rats in the 13.3% hypoxia exposure group was lower than those in the other 385 two groups and was significantly lower than that in the quiet control group. Moreover, the 386 percentage of skeletal muscle in this group was higher than those in the other three groups 387 without exercise intervention, although the difference was not significant. Lee's index showed 388 no obvious difference, indicating that 13.3% hypoxia exposure mainly increased the energy 389 supply by fat and did not significantly decompose proteins. Previous studies suggested that 390 during weight loss caused by high altitude hypoxia exposure, protein synthesis of skeletal 391 muscle was inhibited, decomposition was enhanced, and protein loss was significan[31-34]. 392 However, under these situations, the oxygen concentrations of hypoxia exposure were low 393 (altitude ˃5000 m), and the hypoxia mode was continuous exposure. The results of this study 394 indicate that intermittent hypoxia exposure at a suitable concentration does not cause loss of 395 skeletal muscle proteins. The three hypoxia exposure concentrations showed significant effects 396 on food intake at later stages of the intervention, and the energy intake in the latter four weeks 397 was lower than that of the quiet control group. Therefore, hypoxia exposure alone demonstrated 398 a certain weight loss effect on obese SD rats. One possible reason may be that hypoxia exposure 399 resulting in tissue anoxia inhibits the appetites of rats, increases fat hydrolysis and mobilization, 400 and increases the energy output, which are similar to the conclusions of previous studies[17, 401 35]. However, after 8 weeks of intervention, the serum leptin concentration was significantly 402 lower in the hypoxia exposure groups than in the quiet control group, which was inconsistent 403 with the results reported in some studies [36, 37] . A possible explanation is that the obesity 21 404 caused by the early HFD leads to leptin resistance in the rats, and hypoxia exposure improves 405 this condition. The changes in the HOMA-IR in each group after 8 weeks also suggest that 406 intermittent hypoxia exposure improves the condition of IR, which is similar to the hypoxia 407 exposure model established by Chen et al[16] with hypoxia exposure for 8 hours per day and 408 six days per week to an oxygen concentration of 14-15%. Moreover, the serum TG and CHO 409 levels in the hypoxia exposure groups were not significantly different from those in the quiet 410 group, whereas the serum LDL-C concentration was significantly decreased and the HDL-C 411 concentration was significantly increased in the 11.3% oxygen concentration group. Hypoxia 412 exposure showed a more obvious weight loss effect for individuals with higher body 413 weights [38] , with lower oxygen concentrations leading to more weight loss. However, obese 414 individuals are more prone to mountain sickness; therefore, when low-oxygen exposure is 415 applied for the purpose of weight loss, attention should be paid to the mode of hypoxia exposure 416 and the choice of oxygen concentration. In conclusion, 13.3% intermittent hypoxia exposure 417 has a significant effect on weight loss in nutritionally obese rats, and 11.3% hypoxia 418 interventions can improve the state of metabolic disorders. 
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Effects of hypoxic training on weight loss in obese rats
463
Currently, it is generally agreed that irisin promotes energy metabolism and improves 464 obesity and IR in rodents[48]. However, study results concerning whether the irisin 465 concentration increases in human patients with metabolic diseases are inconsistent. Some 466 studies found that the irisin level in the blood of patients with type 2 diabetes (T2D) was
